Visual and retinal function was measured in a mouse model of chemically induced, sustained dyslipidemia to determine the contribution of dyslipidemia to the pathogenesis of retinopathy in the context of metabolic syndrome. Fifteen male C57BL/6Crl mice were divided into three groups. Poloxamer 407 (P-407), 14.5% w/w was delivered at a rate of 6 µl/day by implanted osmotic mini-pumps either subcutaneously (P-407 SQ) or intraperitoneally (P-407 IP) to P-407-treated mice, whereas saline was administered at the same rate to control mice using only the subcutaneous route of administration. Total cholesterol (TC) and true triglyceride (TG) levels were quantified from plasma. Optomotor responses to stimuli of varying spatial frequency or contrast were used to measure visual acuity and contrast sensitivity. Retinal function was determined using Ganzfeld flash electroretinography (ERG). At 32 days, TC for the P-407 IP group was significantly elevated compared to saline controls (169.4 ± 16.5 mg/dl, 0.001 < P < 0.01). TG levels for both the P-407 SQ (59.3 ± 22.4 mg/dl, 0.01 < P < 0.05) and P-407 IP groups (67.7 ± 18.0 mg/dl, 0.001 < P < 0.01) were significantly elevated relative to controls. Electroretinography demonstrated a very significant decline in the b/a ratio (1.80 ± 0.11, P < 0.01) for the P-407 IP group. The b/a ratio exhibited a moderate, significant correlation with TC levels (r = − 0.4425, P = 0.0392) and a strong, very significant correlation with TG levels (r = − 0.6190, P = 0.0021). Delivery of P-407 via osmotic mini-pump resulted in the sustained, significant elevation of plasma TC and TG levels. This elevation in plasma lipid levels was correlated with a decline in inner retinal function.
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Introduction
Diabetic retinopathy (DR), as one of the complications subsequent to the metabolic syndrome, which is characterized by hyperglycemia, hypertension and dyslipidemia, is a serious threat to vision that is poised to become even more problematic with the increasing worldwide incidence of diabetes [1] . In fact, DR is the leading cause of blindness among working people (ages 20-74) in developed countries [2] . The estimated treatment cost of patients with DR and its complications is $500 million annually in the United States [3, 4] . Based on the current prevalence rates of the metabolic syndrome, it is projected that by the year 2050, up to one-third of the total adult U.S. population could potentially have diabetes, which would result in an enormous increase in the number of cases of DR [5] . Thus, and in order to develop more effective DR therapies, the contribution of different aspects of metabolic disorder to DR development need to be identified. DR is classified as either non-proliferative or proliferative based on the stage of disease progression. Non-proliferative DR (NPDR) is characterized by increased permeability of retinal vessels, microaneurysms, exudate deposits, basement membrane thickening, and microhemorrhages [6, 7] . Advanced proliferative DR (PDR) is characterized by neovascularization, preretinal or vitreous hemorrhages, and fibrovascular proliferation [8, 9] . The development of glaucoma, retinal detachment, and vision loss may also happen at this stage of PDR. As epidemiological studies have unequivocally established that DR is a disease with both neurological and microvascular pathologies, with the neurological component preceding the microvascular complications [6] , specific aspects of the metabolic syndrome potentially contribute differently to one or both of these two complications of DR. This potentially also contributes to the issue that DR is not easily diagnosed at early stages, but is more readily noticed at advanced stages or when edema occurs.
Approximately 60% of individuals with Type 2 diabetes mellitus (T2DM) and nearly all individuals with Type 1 diabetes mellitus (T1DM) show at least some signs of DR [10, 11] . Because symptoms that comprise the metabolic syndrome associated with T2DM include hypertension, hyperglycemia, and dyslipidemia, which, in experimental animal models, can be replicated collectively, but not individually for each condition, their respective contributions to DR remain poorly understood. Therefore, the purpose of the present study was to delineate the mechanisms involved with the pathogenesis of retinal dysfunction resulting from dyslipidemia in the absence of other symptoms of the metabolic syndrome. This was accomplished in a well-established mouse model of dyslipidemia [12] [13] [14] [15] , in which plasma insulin and blood glucose remain unperturbed [16] , hypertension is not observed and atherogenesis only occurs significantly after disease induction [12] [13] [14] [15] , a period of time that was not pursued in the present study. Combining these experimental conditions allowed a unique mechanistic focus and the present work to be undertaken in an attempt to isolate the effects of dyslipidemia alone on the development of retinal dysfunction, as a factor potentially contributing to DR.
The mouse model of dyslipidemia we employed is capable of elevating plasma lipids to any desired level without the confounding variable of altered blood glucose and insulin. Additionally, this mouse model is able to specifically elevate the two groups of lipids [triglycerides (TG) and verylow-density lipoprotein (VLDL)-cholesterol] that are potentially the most problematic, independent risk factors for the development of DR [17] , while simultaneously producing low levels of high-density lipoprotein (HDL)-cholesterol. Mice are made dyslipidemic with a triblock copolymer called poloxamer 407 (P-407) [18] . The P-407-induced mouse model of dyslipidemia can elevate plasma TG to any desired concentration, whereas, in contrast, classic dietinduced, non-genetically-modified mouse models of hyperlipidemia cannot. An additional benefit of major significance is the fact that the P-407 mouse model of dyslipidemia produces an environment of cellular oxidative stress due to lipids spontaneously and continuously undergoing lipid peroxidation. This is important, since lipid peroxidation is significantly higher in individuals with metabolic syndrome [19] , but especially also in DR patients [20] . Lipid peroxidation produces a chronic inflammatory state and, therefore, the effects of the toxic byproducts of lipid peroxidation on retinal neurodegeneration may be evaluated in the context of dyslipidemia alone, without, for example, the confounding influence of advanced glycation end products (AGEs) that result from hyperglycemia [21] .
High triglycerides and low HDL-cholesterol (HDL-C) levels are prominent lipid abnormalities in the metabolic syndrome as a result of insulin resistance. Recently, the third report of the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) guidelines stipulate that a patient with the metabolic syndrome must meet several criteria, two of which include triglycerides ≥ 150 mg/ dl (irrespective of gender) and HDL-C less than 50 mg/ dl (women) or less than 40 mg/dl (men) [22] . In addition to the triglyceride and HDL-C abnormalities mentioned above, those patients with the metabolic syndrome exhibit a high prevalence of small, dense LDL particles, which are extremely atherogenic. Most patients with hyperlipidemia typically have an elevation in plasma total cholesterol and LDL-cholesterol (LDL-C), with or without an elevation in serum triglycerides [23] . The elevation in plasma LDL-C often gives rise to oxidized LDL (oxLDL), which is a known atherogenic stimulus. Additionally, most humans with dyslipidemias exhibit a reduced level of HDL-C. The mouse model used in the present study is able to recapitulate several of the phenotypic signature symptoms associated with lipid abnormalities observed in humans with the metabolic syndrome, which include low HDL-C, elevated triglycerides, and an increase in very-low-density lipoprotein associated with cholesterol (VLDL-C). However, because P-407 functions as a non-specific lipase inhibitor in vivo, the rise in plasma triglycerides is much greater than the rise in plasma cholesterol following P-407 administration to mice.
To more easily maintain a sustained atherogenic plasma lipid profile without the increased stress and risk of animal loss associated with repeated intraperitoneal injections, we employed implantable osmotic pumps to continuously deliver P-407 at a defined rate to mice for 1 month. This strategy was based on the rationale that an effective delivery of P-407 utilizing osmotic pumps would simplify an examination of the effects of an elevated and sustained atherogenic plasma lipid profile on visual and retinal function in otherwise intact, yet dyslipidemic mice.
Materials and Methods
Materials
Poloxamer 407 (Pluronic F-127, N.F.) was obtained from Sigma (St. Louis, MO), shipped directly to Charles River Laboratories, and used as received. The Alzet® osmotic pumps were purchased from DURECT, Inc. (Cupertino, CA) by Charles River Laboratories (Raleigh, NC). The osmotic pumps (model number 2004) had a total internal reservoir volume of 186 microliters and a delivery rate of 0.25 microliters/hr and, thus, could deliver poloxamer 407 for a total of 4 weeks following subcutaneous implantation. Commercial enzyme-based kits to measure the concentration of total cholesterol and triglycerides were purchased from Wako Diagnostics (Richmond, VA).
Animal Protocols
Three groups of male C57BL6 mice having a body mass of approximately 20 g each were obtained from Charles River Laboratories 4 days after subcutaneous implantation of osmotic pumps. The control group (saline) was comprised of 5 mice that were implanted subcutaneously on their dorsal side midway between the ears with an osmotic minipump filled with normal saline. The second group (P-407 SQ) contained 5 mice similar to the first with the exception that the osmotic pump contained P-407 dissolved in normal saline at a concentration of 14.5% w/w. Both experimental groups received a continuous infusion of 27 mg of P-407 over the course of 28 days, which is equivalent to 1.35 g/ kg of body weight. One P-407 SQ animal died before any data was collected, and measurements from another were excluded after day 20 due to pump failure. The concentration of P-407 was not arbitrarily selected, but rather, was chosen after in vitro experiments had demonstrated that the slightlyviscous P-407 solution would remain in a liquid state and easily flow from the pump orifice, since P-407 is a triblock polymeric compound that undergoes reverse thermal gelation. The third group of 5 (P-407 IP) consisted of mice that had been implanted subcutaneously at the same location as mice in the first two groups, but additionally had a narrowbore cannula that connected the orifice of the osmotic pump, which contained 14.5% w/w P-407 in normal saline, with the peritoneal cavity, so that P-407 was delivered directly into the peritoneal space. Note that the size of the model 2004 osmotic pump precludes peritoneal implantation in a 20 g mouse per the manufacturer's specifications.
Mice were housed individually in plastic shoebox cages at 25 °C with ad libitum access to water and maintained on a 12 h light/dark cycle. Teklad Global 18% Protein Rodent Diet (Envigo, New Jersey; catalog #2918.15) was fed ad libitum except during the 5 h fasting period immediately prior to each blood draw. Saline controls gained 2.6 g ± 0.7, the P-407 SQ group gained 3.7 g ± 1.3, and the P-407 IP group gained 3.0 g ± 1.1 in weight over the course of the study. There were no significant differences in weight between any of the groups (Supplementary Figure S1 ). All experimental animal procedures were approved by the institutional animal care and use committee and performed in accordance with institutional and federal guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Quantification of Plasma Lipid Concentrations
The concentrations of total cholesterol and triglycerides were determined in plasma using the commercial enzymebased kits/reagents described above. Mice were deprived of food, but had free access to water, 5 h before tail vein blood sampling. A minimum of 100 microliters of blood was collected in heparinized plastic capillary tubes from each mouse at the time points depicted in Fig. 1 . Collected blood samples were kept on ice, centrifuged at 10,000xg, the plasma harvested, and immediately frozen at − 80 °C until the time of analysis.
At the time of lipid determination, plasma samples were thawed on ice, mixed, and the samples combined with the appropriate reagents to determine either total cholesterol or true triglycerides. Absorbance at 600 nm was determined on a Flex Station 3 microplate reader (Molecular Devices, Sunnyvale, CA) at 37 °C. A multi-lipid calibrator (Wako Diagnostics, Richmond, VA) at a concentration of 98 mg/ dl was used as the standard for the determination of both plasma total cholesterol and true triglycerides.
Methods for TG determination usually involve hydrolysis of triglycerides to glycerol and free fatty acids followed by chemical or enzymatic measurement of the glycerol released. Many triglyceride assays do not differentiate between endogenous glycerol and that released from triglycerides, and thus report "total triglycerides", which consequently overestimates the concentration of triglycerides. When the endogenous glycerol content is decomposed to a non-reactive state or measured separately from the glycerol released from triglycerides, as in the assay used here (Wako Diagnostics, Richmond, VA), "true triglycerides" are reported.
Determination of Visual Function
Due to the length of time required for measurements of visual and retinal function and the number of animals in the study, visual acuity (VA), contrast sensitivity (CS), and electroretinography (ERG) measurements were staggered as shown in Fig. 1 . Quantification of visual function using measures previously established in a mouse model of ocular disease [24] was performed using an Optomotry™ system (Cerebral Mechanics, Lethbridge, AB). Visual acuity is reported as the maximum spatial frequency which elicits an optomotor response. Visual acuity testing was performed at 100% contrast beginning at a low spatial frequency (0.042 cycles/degree [c/d]) with a grating rotating at 12 o /s. Contrast sensitivity is reported as the reciprocal of the lowest contrast which elicits an optomotor response. Contrast sensitivity testing was performed by decreasing the contrast while maintaining the spatial frequency at 0.042 c/d. Both tests utilized a random staircase method with the observer blind to the treatment group as well as the spatial frequency or contrast level.
Electroretinography
Electroretinography (ERG) responses were recorded using a Ganzfeld-electroretinography and adjunct anesthesia system (HMsERG Rodent System, Ocuscience LLC, Henderson, NV), following standard procedures adapted for mice. ERG testing was staggered as shown in Fig. 1 . Animals were dark adapted for a minimum of 12 h and all subsequent procedures were performed under dim red light. One drop of 0.5% tropicamide was instilled in each eye 13-20 min before the first flash. Anesthesia was induced with 1.75% isoflurane at an oxygen flow rate of 1 L/min for three minutes and thereafter maintained at 1.5% at the same flow rate. Core body temperature was sustained at 37 °C with a warming pad controlled by a rectal thermometer. Ground and reference electrodes were placed near the base of the tail and just above or below the ears, respectively. Goniovisc ophthalmologic solution (HUB Pharmaceuticals, LLC. Rancho Cucamonga, CA) was applied to each eye prior to application of silverembedded thread electrodes. Optically clear Aclar 3.5 mm contact lenses (Ocuscience LLC, Henderson, NV) filled with Goniovisc were applied over the thread electrodes.
Background activity was recorded for 20 ms prior to each flash and the response was recorded for at least 180 ms afterward. All traces were processed post-acquisition with a 60 Hz noise filter and 150 Hz low pass filter. Rod function was evaluated using 10 flashes with an intensity of 10 mcd.s/m 2 at 0.5 Hz. Mixed rod and cone function was measured using a single flash with an intensity of 10 cd.s/m 2 . Oscillatory potentials were derived from mixed rod and cone traces prior to the application of noise and low pass filters using a 65-300 Hz bandpass filter with amplitudes calculated from baseline to peak. Cone function was assessed using 32 flashes with an intensity of 10 cd.s/m 2 at 2 Hz on a 30 cd.s/m 2 background after 10 min of background adaptation. Since ERGs are prone to artifacts caused by electrode malfunction as well as electrical, mechanical, and physiological noise, numbers that fell 1.5 times the interquartile range outside the upper or lower interquartile range were excluded from the mean.
Statistics
Data are expressed as mean ± standard deviation of the mean. One-way ANOVA with Dunnett's or Turkey's post-test was used to determine statistical significance. P values > 0.05 were not considered statistically significant, 0.05 to 0.01 were considered significant (*), 0.01 to 0.001 were considered very significant (**), and < 0.001 were considered extremely significant (***). The Pearson product-moment correlation coefficient (r) was calculated to evaluate relationship strengths. Correlations were identified as strong for r values > 0.6, moderate for r values of 0.4 to 0.6, weak for r values of 0.2 to 0.4, and no correlation for r values < 0.2. Statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA).
Results
Delivery of P-407 by Osmotic Pump Induces Significant Dyslipidemia
To determine the effectiveness of P-407 administration by osmotic pump, plasma total cholesterol (TC) and true triglyceride concentrations (TG) were measured once a week for the duration of the study. Total plasma cholesterol ranged from 91.4 to 137.9 mg/dl with an average of 118.5 mg/dl over the course of 32 days for saline controls. When P-407 was administered intraperitoneally (P-407 IP), TC concentrations ranged between 93.2 mg/ dl to 169.4 mg/dl with an average value of 143.6 mg/dl. For subcutaneous delivery of P-407 (P-407 SQ), TC concentrations ranged between 86.9 and 157.8 mg/dl with an average value of 131.6 mg/dl. At all but the first time point throughout the 32-day study, TC was significantly (P < 0.05) greater for the P-407 IP group when compared to corresponding mean TC for saline controls ( Fig. 2a;  Supplementary Table 1 ). In general, the P-407 SQ group exhibited modestly elevated TC concentrations compared with the corresponding values observed for saline controls with a significant (0.01 < P < 0.05) increase seen only at day 27. Total cholesterol concentrations for P-407 SQ mice fell approximately midway between those determined for saline controls and P-407 IP. When mean TC concentrations for mice in the P-407 IP group were compared Fig. 2 Plasma total cholesterol and true triglyceride levels. Intraperitoneally (P-407 IP) administered poloxamer 407 (P-407) results in a sustained and significant elevation of plasma total cholesterol when compared to saline controls (a). A rapid-onset, sustained, and significant increase in plasma triglyceride levels is seen with IP delivery of P-407 when compared to saline controls (b). When P-407 is delivered subcutaneously (P-407 SQ), the increase in triglyceride levels is delayed but still sustained and significant. Saline controls are symbolized with squares, subcutaneous P-407 with triangles, and intraperitoneal P-407 with inverted triangles. Data are expressed as mean ± SD. One-way ANOVA with Turkey's post-test was used to determine statistical significance. When compared to saline controls, P values from 0.05 to 0.01 are represented as *, 0.01 to 0.001 as **, and < 0.001 as ***. When comparing P-407 IP to P-407 SQ, P values are represented as above but with a number sign ( # ) to corresponding mean values for mice in the P-407 SQ group a statistical difference was found only at day 13 (0.001 < P < 0.01).
Plasma true triglyceride concentrations resulting from the controlled release of P-407 from implanted osmotic pumps for 32 days followed a similar trend as plasma total cholesterol; specifically, TG P−407 IP > TG P−407 SQ > TG saline . For saline controls, TG ranged from 14.6 to 26.7 mg/dl, averaging 18.5 mg/dl over the course of 32 days. Intraperitoneal administration of P-407 resulted in TG concentrations ranging from 43.2 mg/dl to 67.7 mg/dl with an average value of 65.1 mg/dl (3.5-fold higher than controls). When P-407 was delivered subcutaneously, TG concentrations ranged from 20.1 to 59.3 mg/dl with an average of 38.6 mg/dl (a 2.1 fold increase over controls). At each time point throughout the study, TG concentrations were significantly (P < 0.05) elevated for the P-407 IP group ( Fig. 2b; Supplementary Table 2 ) when compared to the corresponding mean TG for saline controls. For the P-407 SQ group, TG concentrations were significantly (P < 0.05) elevated on day 20 and day 37 when compared to saline controls. When mean TG concentrations for mice in the P-407 IP group were compared to corresponding mean values for mice in the P-407 SQ group, a statistical difference was found at day 13 (P < 0.001), day 20 (0.01 < P < 0.05), and day 27 (P < 0.001).
Visual Function Declines with Retinal Function
Visual acuity and contrast sensitivity were quantified in each cohort as measures of visual function. Visual function was assessed at the beginning of the study to verify that no animals had pre-existing visual deficits (Supplementary Figure  S2) . At the conclusion of the study, visual acuity (VA) measured 0.463 ± 0.022 c/d for the saline controls (n = 10 eyes), 0.456 ± 0.032 c/d for the P-407 SQ group (n = 6 eyes), and 0.463 ± 0.031 c/d for the P-407 IP group (n = 10 eyes). When compared to saline controls, there was no significant difference in VA with either the P-407 SQ group or the P-407 IP group (Fig. 3a) . Final contrast sensitivity (CS) values were 2.47 ± 0.18 for the saline controls (n = 10 eyes), 2.47 ± 0.20 for the P407 SQ group (n = 6 eyes), and 2.57 ± 0.35. Contrast sensitivity was not significantly different for either the P-407 SQ or the P-407 IP group when compared to saline controls (Fig. 3b) . Visual acuity correlated strongly (r = 0.6192) and very significantly (P = 0.0007) with contrast sensitivity (Fig. 3c) . Although measures of visual function were not significantly different when compared as grouped means, both VA and CS correlate moderately (r = 0.4759 and 0.4808, respectively) and significantly (P = 0.0252 and 0.0235, respectively) with declining b/a-wave ratios, a measure of inner retinal function.
Inner Retinal Function is Diminished in Dyslipidemic Animals
For measures of rod function, there were no significant differences in amplitude (Fig. 4a) or implicit time (Fig. 4b) for either P-407 treated group when compared to saline controls. A very significant (0.001 < P < 0.05) increase in a-wave amplitude (Fig. 4d) was observed in tests of mixed rod and cone function when comparing the P-407 IP group to saline controls. The P-407 IP group also demonstrated a very significant (0.001 < P < 0.05) decrease in b/a wave ratio (Fig. 4g) . Delays in both a-and b-wave cone implicit times (Fig. 4i) were also very significant (0.001 < P < 0.05) for the P-407 IP group. There were no statistically significant differences observed in retinal function of P-407 SQ animals compared to controls (Fig. 4a-j) . However, values for both the b/a-wave ratio and the cone a-and b-wave implicit times for the P-407 SQ group fall midway between the control group and the P-407 IP group, as their TC and TG values do. Although not statistically significant, the second and third oscillatory potential (OP) amplitudes as well as the sum of OP amplitudes were lower for the P-407 IP group (Supplementary Figure S3 ) than the saline controls.
Increased Lipid Levels Correlate with Decreased Visual and Inner Retinal Function
Pearson product-moment correlation coefficient calculations were performed to examine relationship strengths between TC or TG levels and parameters of visual and retinal function. End-point TC levels demonstrated a positive, moderate (r = 0.5175), significant (P = 0.0163) correlation with mixed rod and cone a-wave amplitude (Fig. 5a ) as well as a negative, moderate (r = − 0.4425) and significant (P = 0.0392) correlation with the b/a-wave ratio (Fig. 5b) . True triglyceride levels measured at the final time-point correlated weakly (r = − 0.3961) but significantly (P = 0.0451) with visual acuity (Fig. 5c) . In measures of rod function, the b-wave amplitude exhibited a moderate (r = − 0.4263) and significant (P = 0.0378) association with end-point TG levels (Fig. 5d) . Final TG concentrations also showed a positive, moderate (r = 0.4688), significant (P = 0.032) correlation with mixed rod and cone a-wave amplitude (Fig. 5e ) as well as a negative, strong (r = − 0.6190), very significant (P = 0.0021) correlation with the b/a wave ratio (Fig. 5f ).
Discussion
Implantable osmotic pumps have not been used previously in the P-407 hyperlipidemia model because the reverse thermal gelation properties of P-407 limits the maximum deliverable dose for a 20 g mouse to about 43.5 mg/kg/day compared to the typical dose of 300-500 mg/kg every three days. Since P-407 elevates plasma lipids in a predictable, dosedependent manner [25] , the maximum attainable TG and TC levels would be limited to about 375 mg/dl and 175 mg/ dl respectively, using the osmotic pumps with a zero-order (constant) rate of P-407 administration. The present study demonstrates the effectiveness of an implantable osmotic pump in sustaining an atherogenic plasma lipid profile without the risks of repeated intraperitoneal injections. Although these levels are lower than those typically induced to study, for example, the effects of lipid-lowering drugs, they more closely approximate the more common situation of moderate hyperlipidemia. This moderate, yet significant, elevation of both TC and TG make this a useful pre-clinical or earlystage animal model with which to evaluate the effects of elevated serum lipids on early neurological changes in the retina as part of mechanistically isolated aspect of metabolic syndrome.
Although there are several case reports characterizing visual and/or retinal function in humans with severe hyperlipidemia resulting in a condition called lipemia retinalis [26] [27] [28] , there are few that examine retinal function in humans with moderate hyperlipidemia prior to the onset of clinical visual dysfunction [29] . In the rare human cases where severe hyperlipidemia (> 1000 mg/dl) causes visual deficits, function is generally recovered with prompt reduction of lipid levels [26] [27] [28] . In the present study, we did not observe a significant difference in visual function (visual acuity or contrast sensitivity) in either hyperlipidemic group (i.e., P-407 SQ and P-407 IP) compared to the saline control group. However, we did find that the b/a-wave ratio was significantly reduced in the P-407 IP group and that for the same group this hallmark of retinal function was moderately and significantly correlated with both visual acuity and contrast sensitivity. This, along with the observation that higher TG levels also correlated significantly with lower visual acuity suggests that dyslipidemia results in a presymptomatic decline in visual function that is not apparent when simply comparing visual function measurements among the experimental groups. Reversible changes in retinal function, such as a severely reduced scotopic a-wave and a normal, but smaller than average, scotopic b-wave, and photopic cone responses have also been observed in severe hyperlipidemia [26] . Zhang and colleagues measured ERGs in humans with moderate hyperlipidemia (TC = 232.4 ± 40.5 mg/dl, TG = 231.9 ± 108.0) in the absence of other complicating systemic or ocular disorders [29] . They observed significant a-and b-wave amplitude declines and implicit time delays in rods, mixed rods and cones, and isolated cones as well as oscillatory potential sums and flicker responses [29] . Although the lipid levels we measured are comparable to the ones of human subjects in the study by Zhang et al., the duration of hyperlipidemia in our study is much shorter and equivalent to approximately 3.4 years duration after adjusting for the mouse life span [30] compared to the 17.4 ± 6.9 years in the study performed by Zhang et al. [29] indicating that prolonged hyperlipidemia is likely to Fig. 4 Retinal function. Full-field flash electroretinography was used to evaluate rod (a-c), mixed rod and cone (d-f), and cone function (h-j). Representative traces for one eye from each group are provided in c, f, and j respectively. Neither rod amplitudes (a) nor implicit times (b) were significantly altered in dyslipidemic animals. A very significant increase in mixed rod and cone a-wave amplitude (d) was observed for the P-407 IP group when compared to saline controls. The P-407 IP group also exhibited a very significant decrease in b/a wave ratio (g) compared to controls. Cone implicit times (i) for both the a-and b-waves were very significantly delayed in the P-407 IP group. Saline controls are symbolized with squares, subcutaneous P-407 with triangles, and intraperitoneal P-407 with inverted triangles. Data are expressed as mean ± SD. One-way ANOVA with Dunnett's post-test was used to determine statistical significance. P values from 0.05 to 0.01 are represented as *, 0.01 to 0.001 as **, and < 0.001 as *** increase the early presymptomatic decline in retinal and visual function we observed.
Hyperlipidemia as a component of the metabolic syndrome predisposing individuals to type 2 diabetes mellitus, leads to DR in more than half of affected individuals [17, 31] . The P-407 mouse model of hyperlipidemia specifically elevates triglycerides and very-low-density lipoprotein, both of which are independent risk factors for DR in humans.
The model also produces cellular oxidative stress, analogous to higher levels of lipid peroxidation seen in patients with DR, without inducing hyperglycemia or hypertension. In combination, these properties of the P-407 mouse model of hyperlipidemia render it a potentially valuable tool for evaluating the effects of dyslipidemia alone on the development of DR, thereby allowing one to mechanistically dissect the contributions of hyperlipidemia, hyperglycemia, and hypertension to DR in combination with other mouse models. Significant delays in oscillatory potential implicit time and amplitude are the most commonly observed ERG alterations in humans with diabetes [32] [33] [34] as well as in rodent models [33, [35] [36] [37] . These changes are reported to occur prior to ophthalmoscopic and angiographic changes [32, 34] or deterioration of the blood-retinal barrier [38] .
We did not observe any significant changes in oscillatory potential amplitudes or implicit times ( Supplementary Fig.  S3 ), suggesting that this effect is specific to, or more heavily influenced by, the effects of elevated blood glucose rather than hyperlipidemia and/or a result of longer exposure to hyperlipidemia [29] . Our finding of a significantly reduced b/a-wave amplitude is similar to that reported in Alloxan induced diabetic mice [39] and streptozotocin induced diabetic rats [33, 36] at early time points, prior to the development of diabetic retinopathy. While severely reduced b/awave ratios are typically associated with retinal vascular obstruction, the dosage and duration of P-407 administered in the present study was not sufficient to cause atherosclerotic lesions [13] . Instead, it is more likely that the increase in oxidatively-modified LDL (ox-LDL) and the decrease in protective apoA1 containing HDL conferred by this model [13, 40, 41] result in microvascular injury or disruption of neurovascular coupling. Indeed, ox-LDL is toxic to cultured retinal capillary endothelial cells and pericytes [42] and has been observed in inner retinal tissue prior to the onset of clinically diagnosed DR in humans [43] as well as in Akita mice [44] .
The intimate association of Müller cells with the inner retinal vasculature [45] as well as their many roles in supporting neuronal function and viability [46] make them a possible target of oxidative stress associated with hyperlipidemia [47] . The significantly decreased b/a-wave ratio and increased a-wave amplitude we observed could be explained by Müller cell dysfunction. Since the ERG P II (b-wave) component, which is contributed by Müller and bipolar cells, destructively interferes with the P III (a-wave) component [48] , which is contributed by photoreceptors, the a-wave amplitude would be expected to increase as Müller cell function is altered due to reduced interference.
Conclusions
In summary, we identified previously unknown changes in visual and retinal function in a mouse model of hyperlipidemia in the absence of hyperglycemia. Specifically, significant changes in parameters of retinal function, which correlate with increasing plasma TC and TG, suggest that retinal function may be negatively impacted by hyperlipidemia and/or the accompanying increase in oxidative stress and risk of lipid oxidation. Although these changes may not be severe enough to cause a clinically symptomatic phenotype of changes in visual function in humans, hyperlipidemia alone may initiate conditions that are conducive to further damage potentially resulting in more severe forms of DR.
